Aerodynamic and heat transfer investigations were done on a constant curvature curved plate in a subsonic wind tunnel facility for various wake passing frequencies and zero pressure gradient conditions. Steady and unsteady boundary layer transition measurements were taken on the concave surface of the curved plate at different wake passing frequencies where a rotating squirrel-cage generated the unsteady wake flow. The data were analyzed using timeaveraged and ensemble-averaged techniques to provide insight into the growth of the boundary layer and transition. Ensemble-averaged turbulence intensity contours in the temporal spatial domain showed that transition was induced for increasing wake passing frequency and structure. The local heat transfer coefficient distribution for the concave and convex surface was determined at those wake passing frequencies using a liquid crystal heat transfer measurement technique. Detailed aerodynamic and heat transfer investigations showed that higher wake passing frequency caused transition to occur earlier on the concave surface. Local Stanton numbers were also calculated on the concave surface and compared with Stanton numbers predicted using a differential boundary layer and heat transfer calculation method. On the convex side, no effect of wake passing frequency on heat transfer was observed due to a separation bubble that induced transition.
INTRODUCTION
The flow within a gas turbine component is characterized as periodic unsteady wake flow due to the interaction between the rotor and stator. The unsteady wakes result from a velocity defect occurring at the trailing edge of each turbine blade, pass through the blade rows, and alter the natural boundary layer development, the boundary layer transition region, the efficiency of the blade rows, and the heat transfer characteristics of each cascade. From a thermal design stand point, knowledge of the state of the boundary layer is crucial in designing cooling schemes that effectively 394 M.T. SCHOBEIRI et al. counteract the development of excessive temperature distributions. These schemes allow turbines to operate reliably at higher temperatures and result in increased thermal efficiency and higher specific mechanical energy. Successful prediction of the boundary layer transition allows designers to find the turbine stage efficiency and heat transfer characteristics. However, due to a lack of understanding of the interaction of the unsteady wakes, boundary layer transition has not been predicted reliably. This investigation focuses on the effect that periodic unsteady wakes have upon boundary layer transition and the convective heat transfer characteristics of a curved plate, which simulates the pressure surface of a turbine blade. The results will be used to assess and evaluate the validity of unsteady boundary layer transition models.
Many studies have been done on the effect of periodic unsteady wakes on boundary layer transition. Speidel (1957) was one researcher to investigate unsteady flow. He found that the wakes produced by oscillating cylinders affect the boundary layer of a downstream airfoil and increase its profile loss. Pfeil et al. performed the first significant unsteady periodic research (1983) . They used a rotating squirrel-cage to produce periodic wakes on a flat plate, and found that.the wake flow induced transition earlier than steady flow and that the end of forced transition did not depend on the end of natural transition. The result was a wakeinduced transition model now generally accepted as correct.
Hodson (1984) and Addison and Hodson (1990a,b) studied the wake effect in a single stage turbine. LaGraff et al. (1989) , Ashworth et al. (1989) , Liu and Rodi (1992) , and Schobeiri et al. (1995b) studied the wake effect in a linear turbine cascade facility. Boundary layer transition models for wake-induced transition have been developed by Walker (1974) , Doorly (1988) , Sharma et al. (1988) , Addison and Hodson (1990a,b) , and Mayle and Dullenkopf (1989, 1991) . However, none are applicable to an unsteady flow situation. Gaugler (1985) and Schobeiri et al. (1991) proved that existing correlations for external aerodynamic applications cannot correctly predict the unsteady transition behavior of gas turbine blades. Thus, more research is needed to correct this situation. Schobeiri and Pardivala (1992) , Schobeiri and Radke (1994) , and Schobeiri et al. (1995a,b) performed systematic experimental investigations on the effect of periodic unsteady flow on a concave surface. Schobeiri and Radke observed that the wake flow affects the boundary layer transition leading to the formation of a primary boundary layer that possesses a quasi-steady characteristic and a periodic unsteady, secondary boundary layer resulting from the interaction of the wake strips and the surface of the curved plate. The secondary boundary layer was found to undergo a periodic transition process and convect toward the primary boundary layer leaving becalmed quasi-laminar regions. It was also found that a favorable pressure gradient retards transition. Schobeiri et al. (1995a) continued this work and studied the effect of wake passing frequency on boundary layer transition on a curved plate with zero longitudinal pressure gradient. Besides the aforementioned results, it was found that an increase in wake passing frequency results in a shift of the transition region toward the leading edge due to increased turbulence activities. Dunn (1986) , Dring et al. (1986) , Wittig et al. (1988) , Dullenkopf et al. (1991) , Liu and Rodi (1992) , and Han et al. (1993) Dunn (1986) and Doorly et al. (1985) determined the heat transfer coefficient by using quick response sensors to detect the real time variation on the blade surface heat transfer induced by unsteady wakes. However, Liu and Figure shows a schematic picture of the wake flow within a multistage turbine in an absolute and relative frame of reference. The structure of the unsteady turbulent flow changes as it passes successively through the stator and rotor rows. Leaving the first stator blade row, the wake flow generated at the stator exit impinges on the second blade row (rotor) with a spatial frequency that corresponds to the spacing of the preceding stator blades. Due to the frame of reference change, the second cascade is exposed to a periodic unsteady turbulent flow that affects the boundary layer flow pattern, velocity, turbulence, normal and shear stress, and thus the loss distribution. The third row (second stator) is subjected to two sets of unsteady wakes that originate from the first two rows. These sets of wakes impinge on the third row and convect with different velocities, phase displacements, and turbulence structures. The mutual interaction, dissipation, and mixing of the involved individual wakes already affect the latter. At the exit of the third row, because of intensive interaction and mixing, the deterministic character of the periodic unsteady flow is, to some extent, degenerated into a highly stochastic one. From this point on, the downstream rows are subjected to a highly turbulent flow, with an intensity distribution far above the inlet one. This complex flow picture suggests that boundary layer transition along the blade of each row within a multistage arrangement is subjected to distinctively different unsteady flow structures.
EXPERIMENTAL RESEARCH
The objective of this investigation is to get essential experimental data to assess and validate unsteady boundary layer transition models. Boundary layer data are collected via a hot-wire anemometry system. A state of the art liquid crystal measurement technique was used to obtain the heat transfer distribution on the plate. The boundary layer measurements are done on the concave surface of a curved plate in the presence of wakes generated by a wake generator (Fig. 2) . Changing the number of rods varies the wake spacing, which results in a change in frequency of the impinging wakes and freestream turbulence. This method simulates the previously described multistage turbine flow environment. Heat transfer measurements are done on the concave and convex surfaces of a curved heat transfer plate to find the time-averaged heat transfer coefficient distribution for each surface.
The experimental data in this paper was acquired using a subsonic wind tunnel test facility as shown in Fig. 2 . A complete design and performance description can be found in Schobeiri and Pardivala (1992) . As a result, only a brief description of the facility is given in this section.
The facility consists of a large centrifugal fan, settling chamber, nozzle, wake generator, and curved test section. By using a throttle mechanism at the exit of the fan, the velocity at the inlet of the test section was set at 12 m/s. Table I on boundary layer transition, the wake generator was run with five different rod sets (see Table I ). The wake generator rotates counterclockwise from the point of view of Fig. 3 Schobeiri et al. (1996) show that the wake drag coefficient is approximated as CD 1.0 for a distance/diameter ratio of Xple/d R 126.5 (see Table I ). The parameter f is related to the Strouhal number introduced by Speidel (1957) and taken over by several researchers. However, the Strouhal number does not account for turbomachinery stage characteristics and the wake decay process characterized by the drag coefficient CD. The values of f cover a typical range of a turbomachine and are specified in Table I .
The test section in Fig. 3 consists of a top convex wall, a lower concave wall, and two vertical Plexiglas side walls. The top convex wall supports a linear traversing system and can rotate about its center of curvature, which permits the streamwise and radial positioning of the hot-wire probes and thermocouple. The curved plate is mounted between the two Plexiglas side walls. A positioning system, consisting of two angular verniers and a disk with the curved plate mounted eccentric to the center (Fig. 3) Fig. 3 , traverses in increments of 2.5 lam, which is useful in measuring the laminar sublayer. To capture most of the transition onset, the plate was traversed in the longitudinal direction in 2 steps until 50% of the plate was reached. The next 25 % of the plate was traversed in 3 increments and the last quarter was traversed in 5 increments. For each streamwise position, the boundary layer measurements were started 0.1 mm above the surface of the plate and terminated 10.0 mm above the curved plate. The same procedure was used to take aerodynamic measurements for the 0 and 3 rod cases on the heat transfer plate. Measurements were taken on the heat transfer plate to insure that the new plate provided a similar response so that comparisons could be made between the boundary layer and heat transfer measurements. This was accomplished with the steady case, and the 3 rod case was performed to acquire more data on the effect of wake passing frequency. Steady X-wire measurements were also performed directly upstream of the heat transfer plate to determine the characteristics of the flow before contact with the plate.
The traverse started 50mm above the bottom concave wall and stopped 50mm below the top convex wall.
Like the aluminum curved plate, the heat transfer plate was positioned mid-height in the test section and angled so that the concave surface was exposed to a zero pressure gradient. The heat transfer plate has the same dimensions as the aluminum plate, with the exception being the 5 mm leading edge radius and the radius of curvature for the first 3% of the convex surface. The heat transfer plate is constructed of mm thick Bakelite sheets laid over several Bakelite ribs. High resistant insulation fills the air pockets between the ribs to reduce the heat loss due to conduction. Two copper bus bars found at the trailing edge of the curved plate are connected to 10-gauge copper wire attached to a DC power supply. Figure 4 shows the external surface of the plate. As shown, a double-sided, acrylic based, high temperature adhesive sheet with a 0.1 mm thickness and 183 mm width is applied to the Bakelite surface from the concave surface trailing edge to the convex surface trailing edge. A 0.0254 mm thick sheet of Inconel 600 foil is attached on top and tach welded to the copper bus bars at the trailing edge. Applied to the surface of the foil is a thin coat of black paint to absorb the incoming radiation and reduce its refraction. The final layer is a thin coat of cholesteric liquid crystals mixed with a permanent binder. The purpose of the permanent binder is to protect the liquid crystals from ultraviolet light and atmospheric contaminants so they do not deteriorate as rapidly. Grid lines in 10 mm increments start at the leading edge and are found on top of the liquid crystals on both surfaces to show the position of the yellow band. (1) Besides time-averaged results, the unsteady data are ensemble-averaged with respect to the rotation period of the wake generator. Thus, the ensembleaveraged results calculated over the 300 revolutions show primary wake passes equal to the number of rods. The ensemble-averaged velocity is given by N <Ui(ti)) E Ui(ti). 
Heat Transfer Measurements
Several researches (Simonich and Moffat, 1984; Crane and Sabzvari, 1989; You et al., 1989, and Schobeiri et al., 1991) (1993) proved that the Inconel 600 foil was a more uniform heater sheet by determining that the error for the heat transfer coefficient was approximately +/-3.7%. Therefore, the heater sheet in this investigation is Inconel 600.
A Sorenson DC 40-70 power supply, capable of 40 V at 70 A, heats the heat transfer plate. Due to the panel meters in the power supply not having sufficient resolution, the voltage is recorded using a Fluke 87 multimeter connected to the terminals of the power supply. The current is also measured with a Fluke 87 multimeter, with the multimeter connected to a 50mV-50mA shunt placed in series with the heat transfer plate. The freestream air temperature is recorded with a specially designed E-type thermocouple that fits in the probe traversing system. The thermocouple is positioned high enough from the curved plate so that it is not affected by the velocity or thermal boundary layer.
Another E-type thermocouple mounted on the surface of the heat transfer plate calibrates the color of the liquid crystals under no flow conditions. As with the boundary layer investigation, the personal computer controls the wake generator.
The yellow band of the liquid crystal is calibrated for temperature at the beginning of each wake passing frequency test. The yellow band is used for measurements because it occurs over the narrowest temperature band and has good uniformity (Hippensteele et al., 1985) . The calibration consists of adjusting the power from the power supply until the yellow band is directly on top of the surface mounted thermocouple. The temperature is recorded once steady state has been reached. This calibration is done under no flow conditions and repeated several times. The yellow band temperature was approximately 47.5C for each calibration performed. Following calibration, the wind tunnel is started, the wake generator set, and the power supply adjusted so that the yellow band is at the leading edge of the curved plate. In this configuration, the facility runs for 2 h so that the temperature inside the curved plate can reach equilibrium. This helps reduce the losses due to conduction and allows the location of the yellow band to be accurately determined. To check whether steady state has been reached, the surface thermocouple is constantly monitored to ensure that the foil temperature is not fluctuating.
After 2 h, the voltage and current supplied to the Inconel foil are obtained from the multimeters and recorded. The location of the yellow band at the centerline of the curved plate on the convex and concave surfaces is read from the appropriate set of grid lines. These values, along with freestream air temperature, atmospheric pressure, rpm, number of rods, and foil temperature are recorded. The power is then reduced to move the yellow band away from the leading edge in 10 mm increments, and a 30 min period is allowed for steady state operation to be achieved before these quantities are rerecorded. This process continues until the full longitudinal length of the plate for both surfaces is completely mapped. Once all the data are taken, the information is transferred to the computer for data reduction. This process is the same for all wake passing frequencies.
The collected data are reduced based upon a heat flux analysis that entails determining all the energy losses on a flux basis and subtracting them from the heat flux of the Inconel foil. This leaves the convective portion of the energy equation Figure 5(b) gives the non-dimensional velocity distributions for 3.443 (10 rods). This figure and the one for 1.033 (3 rods) show the same behavior as the steady case. However, it was found that the boundary layer thickness grows faster for higher values of , which is an indication that transition occurs sooner for increasing wake passing frequency. Besides showing that the velocity distribution changes during the transition process and that the location of the transition region is dependent upon the wake passing frequency, the time-averaged velocity distributions do not show any further details regarding the effect of the wakes upon the boundary layer flow. The following unsteady flow investigations provide detailed insight into the boundary layer transition process.
Instantaneous Velocity Traces
Instantaneous velocity, U, as a function of time is plotted in Fig. 6(a)-(d Figure 7 (a) shows a high turbulent intensity core (> 15%) for f =0.0 in the near wall region for more than 75% of the plate with its center located at S/So--0.51 and with a lateral extension of y/d=0.25. At f= 1.033, the core shifts toward the leading edge, indicating an earlier beginning of the transition process, and the lateral extension reduces to y/d=-0.17. This reduction is due to the calming effect caused by wake impingement on the boundary layer flow. Schobeiri and Radke (1994), Orth (1992) , and Pfeil and Herbst (1979) discussed this phenomenon extensively. Figure 7 (c and d) shows a further reducing of the wake spacing and increasing the wake passing frequency to f 3.443. This shifts the high turbulent intensity core more toward the leading edge and further extends the becalmed regions thus reducing the lateral extension of the core to y/d= 0.12. For f--5.166, Fig. 7(e) shows the lateral extension of the core has diminished to y/d-0.08 and the start of the turbulent core is at S/So 0.08 revealing the effect of unsteadiness as to cause earlier transition. Liu and Rodi (1992) also observed this trend. The shift in transition toward the leading edge of the curved plate due to the increase of unsteady wake parameter f has two causes. The first is that a higher impinging frequency hastens increased energy transfer to the boundary layer. The second is that the earlier mixing of the secondary wakes causes a rise in the freestream turbulence intensity (see Schobeiri et al., 1995a) . The time-averaged data presented above gives a reasonably good picture of how the transition process occurs under the influence of periodic unsteady wakes.
Ensemble-averaged Turbulence Intensity
Figure 8(a)-(d) shows the ensemble-averaged reference turbulence intensity contours in the temporal-spatial domain at a wall distance of y 0.3 mm for each f case to obtain a detailed picture that reflects the physics of the unsteady boundary layer process. The reference velocity is equal to the velocity at 10mm above the plate's surface for each streamwise position, with the data ensembleaveraged for 300 revolutions of the wake generator. Figure 8(a) (f 1.033, 3 rods) shows three wakes that periodically disturb the boundary layer and produce high turbulence intensity cores (up to 15 %) and extended becalmed regions (less than 1%). Compared with the steady case shown in Fig. 7(a) , where the low turbulence intensity region extends up to S/So =0.10, the becalmed regions extend to S/So--0.23. Increasing f to 1.725 (5 rods, Fig. 8(b)) at y-0.3 mm causes the lateral extension of the becalmed regions to diminish due to earlier mixing between the wakes. However, the longitudinal extension is still preserved.
By increasing f to 3.443 (10 rods, Fig. 8(c) ) the becalmed regions become narrower and the slope of the wakes increases further. In addition, the high turbulent intensity core shifts forward indicating earlier transition. The turbulent intensity of the last 50% of the plate is extremely high at around 13% due to increased wake impingement and interaction. At the final value of f (15 rods, Fig. 8(d) ), the becalmed regions become shorter and extend to only S/So 0.15. The core also shifts toward the leading edge and starts at around S/So=0.20. Unlike the 10 rod case (f 3.443), the turbulent intensity of the last 40% of the curved plate is around only 8 % instead of 13 %. The reason for this is that the wakes have thoroughly mixed leading to finer turbulence distributions. Figure 8( when S(t) >_ C, I(t) 0 when S(t) < C.
After applying the threshold level to the criterion function S(t), the result is a random square wave with O's representing the laminar case and l's representing the turbulent behavior of the boundary layer. This square wave is ensemble-averaged to get the ensemble-averaged intermittency as follows:
rl where n is the number of revolutions of the wake generator, for which the data is collected. (11) that relates the passing time of a wake impinging on the plate surface with the wake passing velocity in the lateral direction Uw and the intermittency width b. The latter directly relates to the wake width introduced by Schobeiri and his co-workers (1996) . In an analogous way to find the defect function, we define the relative intermittency function Fas:
r-('Yi(li)) ('yi(ti))min (12) (i(//))max ('yi(ti) )min and maximum intermittency functions ('i(ti))min and (3'i(t/))max. Figure 13 shows the distribution of (')'i(ti))min and (')'/(t0)ma plotted in the streamwise direction for Ft 1.033 (3 rods). The steady case (no rod case) in Fig. 12 serves as the basis of comparison for these maximum and minimum values. In the steady case, the intermittency starts to rise from zero at a streamwise Reynolds number Rex,s-= 2 x 105 and gradually equals the unity corresponding to the fully turbulent state. This is typical of natural transition and follows the intermittency function introduced by Narasimha (1957) . Figure 13 shows the distributions of maximum and minimum turbulence intermittencies (7i(ti))min and (7i(t/))max in the (/i(ti))max corresponds to the condition when the wake with a high turbulence intensity core impinges on the plate surface at a particular instant of time.
Once the wake has passed over the surface, the same streamwise location is exposed to a low turbulence intensity flow regime with an intermittency state of (''i(li))min, where no wake is present. As seen, (3'i(t0)min tends to follow the steady (no-wake) intermittency distribution shown in Fig. 12 , with a gradual increase from an initial non-turbulent, state with a value of zero to a final state of 0.8. This was expected, as ('i(li))min is calculated outside the wake region where turbulence intensity is small.
On the other hand, ("//(t0)max reveals a different behavior that needs to be further discussed. As Fig. 13 shows, the wake flow with an intermittency close to impinges on the blade surface. By convecting downstream, its turbulent fluctuations undergo a strong damping by the wall shear stress forces. The process of damping continues until (')/i(ti))max reaches a minimum. At this point, the wall shear forces are not able to suppress the turbulent fluctuations further. Consequently, the intermittency again increases to approach unity, showing the combined effect of wake-induced and natural transition due to an increased turbulence intensity level. The damping process of the high turbulence intensity wake flow discussed above explains the phenomena of the becalming effect, a wake induced transition observed by several researchers (Pfeil and Herbst, 1979; Orth, 1992; Schobeiri et al., 1995) . Figure 13 also shows the average intermittency that is a result of the integral effect of periodic wakes with respect to time. The maximum intermittency is described by ('T(t))max
where the constant C depends on f. The minimum intermittency is described by (")/(/))rain C2 1.0-exp --\Rex,s-Rex,e,,/
where the constants c2 are again dependent on f, and the time-averaged intermittency is described by
The combined effect of (i(li))max and (7i(t0)min can be seen in the expression for -through the constants c3 and c4. Table II gives the four constants for the frequencies under investigation. For natural transition, the above constants approach unity.
Freestream Turbulence Intensity
One major parameter affecting the boundary layer transition onset is the freestream turbulence intensity. The presence of wakes, particularly their spacing and interaction, contribute significantly to an increase of the freestream turbulence. Experimental investigations showed that the freestream timeaveraged turbulence intensity is dependent upon the inlet wake frequency. For the investigated reduced frequency range, it is observed to approach a maximum value of 4.2% as the wake frequency is increased. Liu and Rodi (1989) , and Wang and Simon (1987) . This data also seems to support the work of Simonich and Moffat (1984) and Kestoras and Simon (1993 Mayle's (1991) intermittency model into TEXSTAN, which is a model that incorporates unsteady wake flow into a steady-flow analysis by introducing a timeaveraged intermittency function. Mayle showed that the time-averaged heat transfer distribution on an airfoil surface can be obtained using the timeaveraged turbulence intermittency function. Since unsteady flow was an integral part of the heat transfer investigation, this model was chosen to calculate the start and end of transition. The necessary input for this model is inlet freestream turbulence intensity and inlet velocity taken from the boundary layer data of the heat transfer and aluminum curved plates. However, to achieve the best results with TEXSTAN, the freestream turbulence intensity for each boundary layer traverse had to be averaged. This value was substituted for the inlet turbulence intensity. Mayle's intermittency model defines intermittency (,),) as:
where ri-nu2/r3 is a dimensionless spot production parameter, n is the turbulent spot production rate, er is Emmon's dimensionless spot propaga- 
which is based on a curve fit of intermittency data provided by Kuan and Wang (1989) , Gostelow and Ramachandran (1983) , and Acharya (1985) . This disagreement is primarily due to the curve-fit correlations of rkr and Reot where both have a larger curve-fit error at low turbulent intensities (< 1.5%) due to the non-linearity in the curve-fit data at low turbulent intensities (see Mayle, 1991) .
There is generally good agreement when the Stanton number distribution is compared with other heat transfer investigations involving a The Kline and McClintock (1953) uncertainty analysis method was used to determine the uncertainty in the velocity after calibration and data reduction for the single-wire probe. In addition, the uncertainty in the heat transfer measurements was also determined. Note that the determined uncertainty may not be the actual uncertainty of the results because the Kline and McClintock method determines the worst possible uncertainty. The uncertainty in velocity for the single-wire probe after data reduction is given in Table III. As shown, the uncertainty in velocity increases as the flow velocity decreases. This is due to the pneumatic pressure transducer having a large uncertainty during calibration. The maximum uncertainty in the local heat transfer coefficient for all (5) Increasing the unsteady parameter f has no effect upon a laminar separation/turbulent reattachment bubble on the convex surface at turbulent intensities (x-component) less than 5 %.
(6) Considering the transition onset, the hot-wire and heat transfer data were in good agreement with each other, which says that the liquid crystal technique delivers accurate and dependable results. In addition, the time-averaged heat transfer results are predicted well by TEXSTAN using Mayle's time-averaged intermittency correlations.
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